Aim: To investigate the effects of the glucagon-like peptide-1 (GLP-1) receptor agonist exendin-4 on oxidized low-density lipoprotein (ox-LDL)-induced inhibition of macrophage migration and the mechanisms underlying the effects of exendin-4. Methods: Primary peritoneal macrophages were extracted from the peritoneal cavity of mice treated with 3% thioglycollate (2 mL, ip). Migration of the macrophages was examined using a cell migration assay. Macrophage migration-related factors including leptin-like ox-LDL receptor (LOX-1), cyclooxygenase 2 (COX-2), tumor necrosis factor (TNF)-α, interleukin-1 (IL-1)β, matrix metalloproteinase-2 (MMP-2), intercellular adhesion molecule (ICAM)-1 and macrophage migration inhibitory factor (MIF) were measured using semiquantitative RT-PCR. Expression of MIF and ICAM-1 proteins was examined with ELISA. Gelatin zymography was used to evaluate the activity of MMP-9. Activation of the NF-κB pathway was determined by confocal laser scanning microscopy. Results: Treatment of the macrophages with ox-LDL (50 μg/mL) markedly suppressed the macrophage migration. Furthermore, ox-LDL treatment substantially increased the expression of the macrophage migration-related factors, the activity of MMP-9 and the translocation of the NF-κB p65 subunit. These effects of ox-LDL were significantly ameliorated by pretreatment with the specific NF-κB inhibitor ammonium pyrrolidine dithiocarbamate (100 μmol/L). These effects of ox-LDL were also significantly ameliorated by pretreatment with exendin-4 (25 and 50 nmol/L). Conclusion: Exendin-4 ameliorates the inhibition of ox-LDL on macrophage migration in vitro, via suppressing ox-LDL-induced expression of ICAM-1 and MIF, which is probably mediated by the NF-κB pathway.
Introduction
Cardiovascular disease (CVD) is an increasingly prevalent diagnosis that is potentially caused by atherosclerosis (AS) [1] . AS was related to the accumulation of fatty materials and a chronic inflammatory response to macrophages gathering at the arterial wall [2] . Although we do not completely understand the exact mechanism of atherosclerotic progression, previous studies have shown that AS is promoted at the initiation and development stages by an inflammatory response induced by oxidized low-density lipoprotein (ox-LDL) [3, 4] . Ox-LDL plays a critical role in limiting the macrophage migration away from the arterial intima and formatting the lipid-laden code [4] . Previous studies on atherosclerotic plaque progression and regression have revealed the dynamic nature of atherosclerotic lesions, the important role of the trapped neointimal macrophages in lesion growth, and macrophage emigration to regional lymph nodes during lesion regression [5, 6] . However, sufficient understanding on the role of macrophage trapping in the progression of AS is still lacking.
Glucagon-like peptide-1 (GLP-1) is a gut hormone secreted from L-cells and stimulates a glucose-dependent insulin response. Exogenous administration of a GLP-1 receptor agonist, such as exendin-4, has been shown to have certain direct beneficial effects on the cardiovascular system [7] [8] [9] , such as protection against ischemia [10] and improvement of left ventricular performance after myocardial infarction [11, 12] . Several other studies have reported that exendin-4 can also affect fatty www.nature.com/aps Ma GF et al Acta Pharmacologica Sinica npg acids effusing into atherosclerotic lesions [11, 13] . Arakawa et al [14] found that exendin-4 could reduce monocyte adhesion by inhibiting the inflammatory response. However, the effects and mechanisms of the GLP-1 receptor agonist exendin-4 on macrophage migration have not been studied.
Macrophage migration inhibitory factor (MIF) is a lymphokine that prevents random migration of macrophages and recruits macrophages at inflammatory sites [15] . MIF has been associated with atherogenesis and the development of metabolic disorders, such as obesity and insulin resistance, when accompanied by other risk factors [16] [17] [18] . Previous studies have shown that up-regulated MIF mRNA and protein levels may contribute to macrophage accumulation to form the macrophage-rich early fatty streak. MIF has been found in the intima at the initiation stage of atherogenesis [15, 19] . The NF-κB signaling pathway, as a key transcription factor pathway, is known to mediate inflammation by regulating the expression of cytokines and chemokines. Recent work has revealed the important role of NF-κB in macrophage migration [20] . Proteins of the matrix metalloproteinase (MMP) family are involved in the breakdown of the extracellular matrix in normal physiological processes, such as embryonic development, reproduction, and tissue remodeling, as well as in disease processes, such as arthritis, intracerebral hemorrhage, and metastasis [18, 21] . Symptomatological and histological evidence from recent work has shown that the activity of MMP-9 increases in the unstable carotid plaques in atherogenesis [22] . Furthermore, significant increases in the levels of circulating MMP-9 have also been observed in patients with ongoing spontaneous embolization by carotid endarterectomy [23] . Intercellular adhesion molecule 1 could mediate macrophage adhesion with the vessel wall, thereby inhibiting migration of macrophages and causing development of atherosclerotic plaques [24] . In the present study, we investigated the effect of the GLP-1 receptor agonist exendin-4 on the ox-LDL-induced inhibition of macrophage migration. We examined the potential mechanisms of ox-LDL, including regulation of MIF and ICAM-1 expression, activity of MMP-9, and the NF-κB pathway.
Materials and methods

Materials
Exendin-4 was obtained from Fang Yuan Pharmaceutical Co, Ltd (Changzhou, China). Matrigel matrix, thioglycollate, PDTC (NF-κB inhibitor) and all antibodies were purchased from Becton Dickinson (Franklin Lakes, NJ, USA). Oxidized-LDL was purchased from Yi Yuan Biochemistry Co, Ltd (Guangzhou, China). Lipopolysaccharides (LPS) and monocyte chemotactic protein-1 (MCP-1) were acquired from Sigma (St Louis, MO, USA). DMEM (Dulbecco's modified Eagle's medium), fetal bovine serum (FBS), and penicillin/streptomycin were purchased from Gibco BRL (Grand Island, NY, USA). Trizol reagent was purchased from Invitrogen (Carlsbad, CA, USA). TaKaRa RNA PCR Kit (AMV; version 3.0) was acquired from Takara Biotechnology Co, Ltd (Dalian, China Cell culture Thioglycollate-elicited primary mouse peritoneal macrophages were extracted from 7-week-old ICR mice by intraperitoneal lavage, 3 d after peritoneal injection of 2 mL 3% thioglycollate. The purity of peritoneal macrophages was determined by flow cytometry using an anti-Mac antibody that specifically binds to macrophages. Only cells exhibiting ≥95% purity were used in this study. Macrophages were cultured in DMEM medium containing glucose at the concentration of 4500 mg/L and supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL) at 37 °C, with 5% CO 2 and 95% O 2 . LPS was used at the concentration of 5 μg/mL, and ox-LDL was used at a concentration of 50 μg/mL.
RNA extraction and semi-quantitative RT-PCR
To examine the expression of genes of interest, semi-quantitative RT-PCR analysis was carried out. Total RNA was isolated from macrophages using Trizol, according to the manufacturer's protocol. To analyze the RNA integrity and concentration, samples were analyzed by capillary electrophoresis on an Agilent 2100 BioAnalyzer. RNA was extracted from three independent cultures for each condition, as previously described in detail. The same amount of RNA of each sample was used to make cDNA using the TaKaRa RNA PCR Kit. The cDNA strands for PCR amplification were shown in Table 1 .
PCR was performed with a thermocycler using the following cycle parameters: 30 cycles of 94 °C for 15 s, 60 °C for 15 s, and 72 °C for 15 s. The amplification products were analyzed in 1.2% agarose gels. The macrophage GAPDH gene was used as an internal control to verify the absence of significant variation in the cDNA levels in the samples.
Gelatin zymography
Protein samples were extracted from mouse peritoneal macrophage cultures and were denatured at room temperature for 10 min. Then, the samples were run on an 8% gelatin gel with an equal volume of electrophoresis sample buffer [22] . One microgram of sample was run per lane, with volumes adjusted according to protein concentration. After electrophoresis, the gel was washed three times in 2.5% Triton X-100 solution with gentle stirring for 0.5 h at room temperature. The Triton X-100 solution was replaced with developing buffer [Tris-base 12.1 g/L, Tris-HCl 63 g/L, NaCl 117 g/L, CaCl 2 7.4 g/L, and Brij-35 0.2% (w/v)]. The gel was then agitated at room temperature for 30 min, moved into fresh developing buffer, and incubated at 37 °C for 24 h. Finally, the gel was stained with 0.5% Coomassie-blue and de-stained in a solution containing 5% methanol and 7% acetic acid.
ELISA analysis
A total of 1×10 6 inflammatory macrophage cells were lysed in cell lysis buffer containing proteinase inhibitors and lysates www.chinaphar.com Ma GF et al Acta Pharmacologica Sinica npg and stored at -70 °C until use. The MIF ELISA was performed using a commercially available paired antibody following the manufacturer's protocols with a detection limit of 16 pg/mL. ELISA plates were coated with mouse anti-MIF or anti-ICAM antibody and stored overnight at 4 °C. The plates were then blocked with PBS containing 1% BSA and 5% sucrose for 2 h at room temperature and then washed with a wash buffer (0.05% Tween 20 in PBS). Cell lysates were diluted in Tris-buffer (0.1% BSA and 0.05% Tween 20 in pH 7.3 Tris, 1/200) and incubated overnight at 4 °C. The plates were rinsed in wash buffer and then incubated sequentially with biotinylated goat anti-mouse MIF, goat anti-mouse ICAM-1, and streptavidin-HRP (Millipore, Billerica, MA, USA) for 2 h each at room temperature. After washing, 100 mL tetramethylbenzidine substrate (Sigma-Aldrich, St Louis, MO, USA) was added to the plates and incubated for 5-10 min. The reaction was stopped with 0.5 mol/L H 2 SO 4 . The plates were then analyzed at 450 nm. The total protein concentrations of all lysate samples were determined using the BCA Protein assay kit (Pierce, Rockford, IL, USA). The results are presented as MIF or ICAM-1 protein per milligram total protein.
Cell migration assay
Peritoneal injections of 1 mL 4% thioglycollate were given to seven-week-old ICR mice, followed by peritoneal injections of ox-LDL (50 μg/mL) 72 h later. One hour after the injection of ox-LDL, LPS (250 μL; 5 μg/mL) was injected into the mice peritoneum. After 4 h, 95% mouse anti-Mac antibody-positive cells were isolated and collected from the abdominal cavity. The cells were resuspended in DMEM medium containing 10% FBS [23] . Then, 5×10 4 cells were added to the small upper chamber (with 5 μm film) of a transwell. Cells in the control group (pH 7.4 PBS) and a model group (50 μg/mL ox-LDL) were added to the upper wells of transwell chambers. The treatment group were pretreated with exendin-4 at 25 and 50 nmol/L for 8 h, and then 50 μg/mL ox-LDL was added in the upper chamber and incubated for another 8 h. Cells in the inhibitor group was pretreated 100 μmol/L PDTC for 8 h and then 50 μg/mL ox-LDL was added in the upper chamber for 8 h. For the NF-κB agonist group and monocyte chemotactic protein-1 groups, 80 μg/mL PMA and 10 ng/mL MCP-1, respectively, was added to the lower chamber and incubated at 37 °C for 8 h. After wiping off the Matrigel matrix and the cells in the upper chamber, 500 μL 0.1% crystal violet was added to the lower chamber, and the small chamber was placed inside the lower chamber again. The membrane was immersed and incubated at 37 °C for 30 min and finally washed with PBS. Three random fields were chosen within the view diameter (magnification ×400), and the cells were counted.
Confocal laser-scanner microscopy Inflammatory macrophages collected from lavage and an NF-κB activation nuclear translocation assay kit (Beyotime Institute of Biotechnology, Haimen, China) was used to measure the effect of NF-κB activation. After macrophage cells were fixed and the epitope was blocked, rabbit anti-mouse NF-κB p65 subunit antibody was added to the cells and incubated at 4 °C overnight. Then, goat anti-rabbit fluorescent antibody and DAPI were added and incubated at room temperature for 1 h. Samples were observed by confocal microscopy.
The inhibitory effect of exendin-4 on NF-κB DNA binding was determined by Electrophoretic Mobility-Shift Assay (EMSA), as previously described [24] . Nuclear extracts were prepared from ox-LDL-treated cells and incubated with a biotin-end-labeled, double-stranded NF-κB consensus oligonucleotide (5'-AGTTGAGGGGACTTTCCCAGGC-3'; Promega, Madison, WI, USA) for 30 min at room temperature. The binding conditions have been optimized by Shin et al [24] . To verify the oligonucleotide's specificity for NF-κB, a 50-fold excess concentration of unlabeled NF-κB oligonucleotide was added to the reaction mixture as a competitor. For the supershift assay, 1 mL of the p65 antibodies was added, followed by 30 min incubation at room temperature. Then, the samples were electrophoresed through 6% native polyacrylamide gel. Finally, the gel was dried and exposed to X-ray film. The signals obtained from the dried gel were quantified with an FLA-3000 apparatus (Fuji, Tokyo, Japan) using BAS reader v 3.14 and Aida v 3.22 software (Fuji-Raytest, Straubenhardt, Germany).
Statistical analysis
All data are expressed as the mean±SEM. Differences between groups were analyzed with Student's t-test. Values of P≤0.05 were considered to represent a statistically significant difference. Exendin-4 enhances the migration of mouse peritoneal macrophages, which is suppressed by ox-LDL To examine the effect of exendin-4 on mouse peritoneal macrophage migration, we measured the migration rate of murine macrophages by adopting the method described by Cao et al [25] . Murine macrophages from the peritoneal cavity were induced by LPS (5 μg/mL). Mouse peritoneal macrophages were treated with exendin-4 at two concentrations (25 and 50 nmol/L) or PDTC 100 μmol/L for 8 h and were then exposed to ox-LDL (50 μg/mL) for 8 h. The control group contained only ox-LDL (50 μg/mL) and the LPS-induced macrophages. Compared to the control group, the macrophages treated with exendin-4 and PDTC displayed enhanced migration ( Figure  1A ). The number of migrated cells were counted by inverted microscope (10 visual fields were randomly chosen). The samples pretreated with exendin-4 (25 and 50 nmol/L) and PDTC (100 μmol/L) contained 80, 127, and 105 migrated cells, while the control group contained only 29 migrated cells ( Figure 1B ). These findings indicate that exendin-4 enhanced the migration of mouse peritoneal macrophages in vitro, probably by suppressing the activity of NF-κB pathway.
Exendin-4 suppresses the expression of MIF by affecting the uptake of ox-LDL
The expression of MIF has been shown to be induced by ox-LDL in dose-and time-dependent manners [15] . It has been demonstrated that CD36 (a member of the scavenger receptor B and the ox-LDL cell surface receptor) is implicated in mediating the uptake of ox-LDL and controlling the formation of foam cells in atherogenesis [26] . To further investigate the molecular mechanism, by which exendin-4 enhanced migration of mouse peritoneal macrophages, we determined the transcriptional and translational levels of MIF by semi-quantitative RT-PCR analysis and enzyme-linked immunosorbent assay (ELISA). We found that the expression of MIF decreased in the treated group at both transcriptional ( Figure 2A ) and translational levels ( Figure 2B ).
The transcriptional levels of CD36, leptin-like ox-LDL receptor (LOX-1), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β) were measured by semi-quantitative RT-PCR. The expression of CD36, LOX-1, TNF-α, and IL-1β decreased markedly in the exendin-4 25 and 50 nmol/L-and PDTC 100 μmol/L-treated groups (Figure 2A ).
Exendin-4 suppresses the nuclear translocation of NF-κB p65, which may be induced by MIF To further explore the intracellular mechanism of exendin-4 in macrophage migration, we investigated the role of the inflammation-sensitive transcription factor NF-κB. The expression of the NF-κB p65 subunit was determined using semiquantitative RT-PCR. The expression of NF-κB p65 decreased in both exendin-4-treated groups, compared with the control group ( Figure 3A) . The evidence obtained from the confocal microscopy assay suggests that p65 translocation is greatly reduced in the exendin-4-treated group and the PDTC group, compared to the control group ( Figure 3B) . Additionally, the EMSA showed that the amounts of DNA and NF-κB complex were limited in the exendin-4-treated group, compared with the control group, and that the band shift was also reduced ( Figure 3C ). These results indicate that exendin-4 can inhibit macrophage migration induced by ox-LDL by suppressing NF-κB p65 expression and NF-κB protein binding to specific DNA sequences.
Exendin-4 suppresses the activity of MMP-9 and the expression of ICAM-1 and other migration-related factors There are certain biomarkers that are directly related to macrophage migration [27] and are potentially regulated by the NF-κB signaling pathway [28, 29] . Among these biomarkers, ICAM-1 and MMP-9 play the most important roles as reported in previous studies [30, 31] . Therefore, we tested the effect of exendin-4 on the activity of MMP-9 and the expression of ICAM-1 when both were induced by ox-LDL. Compared with the control group, the expression of MMP-9 mRNA ( Figure 4A ) and activity of MMP-9 ( Figure 4B ) were remarkably decreased in the 
Discussion
Previous studies of atherosclerotic plaque progression and regression have revealed the dynamic nature of atherosclerotic lesions and the important roles of macrophage trapping in lesion growth and macrophage migration in atherosclerotic plaque regression [6, 23] . Current research is focused on the CD36-dependent uptake of ox-LDL. This interaction has been shown to be critical to cholesterol accumulation and subsequent foam cell formation [4, 23] . The binding between ox-LDL and CD36 could also promote the production of ROS, which in turn results in the phosphorylation of Focal Adhesion Kinase (FAK) and consequently inhibits macrophage migration [23] . Therefore, certain drugs, such as statins, have been used to treat atherosclerosis by inhibiting the expression of CD36 and the production of ROS [32] . These results demonstrated that ox-LDL-induced inhibition of macrophage migration played important roles in the progression of atherosclerosis.
Exendin-4, a functional analogue of GLP-1, was originally used in the treatment of type 2 diabetes. Subsequent studies revealed that it also played an important role in cardiovascular disease [10, 14] . Recent research has shown that GLP-1 and its receptor agonist exendin-4 can down-regulate the scavenger receptor CD36 by activating the cyclic adenosine monophosphate (cAMP) signaling pathway in macrophages [33] . Our present study focused on the effect of exendin-4 on ox-LDLinduced inhibition of macrophage migration and the mechanisms underlying those effects. We have demonstrated that exendin-4 can suppress the expression of ICAM-1 and MIF in macrophage cells and consequently relieves the ox-LDLinduced inhibition of macrophage migration. This effect is probably caused by activating the NF-κB pathway. Interestingly, our results also indicate that exendin-4 can suppress MMP-9 activity in macrophages, which may contribute to inhibition of macrophage infiltration.
As an inducing factor, MIF takes part in macrophage trapping around arterial intima and the forming of foam cells [34] , although the expression of MIF may be diminished in the macrophage-derived foam cells and macrophages in advanced atherosclerotic plaques [34] . Ox-LDL can inhibit macrophage random migration away from the artery through upregulating MIF, CD36 and scavenger receptor-A (SR-A) [33] , resulting in the accumulation of macrophages at the injury site in atherosclerotic lesions. Macrophage recruitment that has been induced by MIF at least partially relies on enhanced expression of some other inflammatory mediators, such as ICAM-1, which inhibits macrophage migration directly [34, 35] . Our research provides evidence that exendin-4 at 25 nmol/L and 50 nmol/L could relieve ox-LDL-induced inhibition of peritoneal macrophage migration, at least partially by regulating ox-LDL receptor CD36 and its downstream regulator MIF. Our results also demonstrate that exendin-4 can suppress the expression of ICAM-1, which may contribute to the GLP-1 receptor-mediated increase of macrophage migration in vitro. Therefore, exendin-4 affects major events in the initial stages of atherosclerosis by allowing macrophages to migrate away from the arterial intima and reduce the subsequent plaque formation.
Proteases, including MMP-2 and MMP-9, have been implicated in the degradation of the ECM, leading cells to migrate across the ECM. Interestingly, in the present study, we also found that exendin-4 can inhibit MMP-9 activity and MMP-9 expression at the transcriptional level. The data suggest that exendin-4 can also regulate the ability of macrophage infiltration in the ECM via inactivation of MMP-9 [31] , which ameliorates the development of atherosclerotic lesions. A previous www.chinaphar.com Ma GF et al Acta Pharmacologica Sinica npg study indicated that the inhibition of MIF may also result in the reduction of MMP-9 activity [36, 37] . To further explore the molecular mechanisms by which exendin-4 regulates macrophage migration, the NF-κB-specific inhibitor PDTC was tested in our study. Our results revealed that macrophage cells treated with the NF-κB inhibitor migrated more slowly than the untreated cells when, but migrated slightly faster than the cells in the control group. Treatment with ox-LDL inhibited macrophage migration, not only by activating the NF-κB pathway but also through other related pathways. Our results also imply that exendin-4 may broadly affect a variety of intracellular signaling cascades, including the NF-κB signal transduction pathway, which in turn influences the movement of macrophages. Current research shows that CD36 and a proliferator-activated receptor-gamma (PPAR-γ) pathway play important roles in ox-LDL uptake in macrophages [23, 38, 39] . We demonstrated that exendin-4 reduced the expression of PPAR-γ induced by ox-LDL (data not shown). However, the exact action mechanism still requires further investigation.
In conclusion exendin-4 ameliorates the inhibition of ox-LDL on macrophage migration in vitro, via suppressing ox-LDLinduced expression of ICAM-1 and MIF, which is probably mediated by the NF-κB pathway.
